In rats, learning and memory performance decline during normal aging, which makes this rodent species a suitable model to evaluate therapeutic strategies. In aging rats, insulin-like growth factor-I (IGF-I), is known to significantly improve spatial memory accuracy as compared to control counterparts. A constellation of gene expression changes underlie the hippocampal phenotype of aging but no studies on the effects of IGF-I on the hippocampal transcriptome of old rodents have been documented. Here, we assessed the effects of IGF-I gene therapy on spatial memory performance in old female rats and compared them with changes in the hippocampal transcriptome. In the Barnes maze test, experimental rats showed a significantly higher exploratory frequency of the goal hole than controls. Hippocampal RNA-sequencing showed that 219 genes are differentially expressed in 28-month-old rats intracerebroventricularly injected with an adenovector expressing rat IGF-I as compared with placebo adenovector-injected counterparts. From the differentially expressed genes, 81 were down and 138 upregulated. From those genes, a list of functionally relevant genes, concerning hippocampal IGF-I expression, synaptic plasticity as well as neuronal function was identified. Our results provide an initial glimpse at the molecular mechanisms underlying the neuroprotective actions of IGF-I in the aging brain.
In humans and rats, brain aging is associated with a progressive deterioration of spatial learning and memory, which makes this rodent species a suitable model to evaluate therapeutic strategies of potential value for correcting age-related cognitive deficits. Some of these strategies involve the administration of neurotrophic factors, one of which, insulin-like growth factor-I (IGF-I), is emerging as a promising molecule that plays a physiologic role in neuroprotection. Intracerebroventricular (ICV) infusion of IGF-I in the lateral ventricles improves reference and working memory in aging rats (1) . Also, it has been documented that IGF-I protects hippocampal neurons from the toxic effects of amyloid peptides (2) . Furthermore, IGF-I treatment markedly reduced the brain burden of Aβ amyloid in transgenic mice expressing a mutant Aβ amyloid peptide (3) .
Gene therapy for IGF-I in the central nervous system of senile rats has shown promising results. Thus, a recombinant adenoviral vector (RAd) harboring the gene for rat IGF-I was used to implement IGF-I gene therapy in the hypothalamus of aging female rats displaying tuberoinfundibular dopaminergic neurodegeneration and chronic hyperprolactinemia. The treatment reversed hyperprolactinemia and increased the number of dopaminergic neurons in the hypothalamus of the aging rats (4) . The ependymal route is particularly suitable for RAd-mediated gene delivery as it can effectively increase IGF-I levels in the cerebrospinal fluid (CSF) of rats (5) . Taking advantage of this fact, we performed ICV IGF-I gene therapy in very old female rats and achieved a significant amelioration of their motor performance (6) . In aging rats, it has been recently shown that IGF-I gene therapy significantly improves spatial memory accuracy as compared to control counterparts. Furthermore, in the dentate gyrus (DG) of the old rats submitted to IGF-I gene therapy, there was a higher number of immature neurons than in the old controls (7) .
There is clear evidence that a constellation of gene expression changes underlie the hippocampal phenotype of aging. Thus, gene expression studies in aging rodents have documented significant changes in hippocampal genes related to cholesterol synthesis, inflammation, transcription factors, neurogenesis, and synaptic plasticity (8) (9) (10) (11) (12) . While those studies revealed that aging itself is associated with the majority of gene expression changes, a smaller portion of the transcriptional differences in the hippocampus are related to changes in learning and spatial memory performance. The above evidence prompted us to assess the effect of ICV IGF-I gene delivery on the hippocampal transcriptome in old rats compared with placebo vector-treated counterparts.
Materials and Methods

Animals
Twenty-three 25-month-old female Sprague-Dawley rats weighing 267 ± 5 g were used. Rats were housed in a temperature-controlled room (22 ± 2°C) on a 12:12-hour light/dark cycle. Food and water were available ad libitum. We used a commercial diet whose percentual composition was: humidity, 12%; protein, 23%; lipids, 7%; raw fiber, 6%; total minerals, 10%, Ca, between 1.0 and 1.4%; P, between, 0.5 and 0.8%; Cl, 0.3%; Na, 0.2%; K, 0.7%; Mg, 0.2%; S, 0.16%. All experiments with animals were performed in accordance to the Animal Welfare Guidelines of NIH (INIBIOLP's Animal Welfare Assurance No A5647-01). The ethical acceptability of the animal protocols used in this study was approved by our Institutional Animal Care and Use Committee (Protocol # T09-01-2013).
Spatial Memory Assessment
The modified Barnes maze protocol used here has been previously documented (7, 13) . It consists of an elevated (108 cm to the floor) black acrylic circular platform, 122 cm in diameter, containing 20 holes around the periphery. The holes are of uniform diameter (10 cm) and appearance, but only one hole is connected to a black escape box (tunnel). The escape box is 38.7 cm long × 12.1 cm wide × 14.2 cm in depth and it is removable. A white cylindrical starting chamber (an opaque, 25 cm in diameter and 20 cm high, open-ended chamber) is used to place rats on the platform with a random orientation of their bodies.
Four proximal visual cues are placed in the room, 50 cm away from the circular platform. The escape hole is numbered as hole 0 for graphical normalized representation purposes, the remaining holes being numbered 1 to 10 clockwise, and −1 to −9 counterclockwise. During the whole experiment, hole 0 remained in a fixed position, relative to the cues in order to avoid randomization of the relative position of the escape box. A 90-dB white-noise generator and a white-light 500 W bulb provided the escape stimulus from the platform. At the beginning of the experiment, rats were habituated to the task. The habituation routine consists of placing the animals in the starting chamber and escape box during 180 seconds. The purpose of habituation consists of accustoming animals to new environments and lowers the level of anxiety. An acquisition trial (AT) consists of placing a rat in the starting chamber, located at the center of the platform, for 30 seconds; the chamber is then raised, the aversive stimuli (bright light and high pitch noise) are switched on and the rat is allowed to freely explore the maze for 120 seconds. The purpose of ATs is to train the rats on finding the escape hole. A probe trial (PT) is similar to an AT except that the escape box has been removed, the purpose being to assess recent spatial memory retention. During PTs, rats explore the maze for 90 seconds. The behavioral performances were recorded using a computer-linked video camera mounted 110 cm above the platform. The performance of the subjects was determined using the Kinovea v0.7.6 (http://www.kinovea.org) software. The behavioral parameters assessed were as follows.
(a) Escape box latency: time (in seconds) spent by an animal since its release from the starting chamber until it enters the escape box (during an AT) or until the first exploration of the escape hole (during a PT 
Helper-Dependent Adenovectors (HD-RAd)
HD-RAds were constructed using a kit sold by Microbix Biosystems (Ontario, Canada). The kit provides the shuttle plasmid pC4HSU, the helper virus H14, and the 293 Cre4 cell line. The construction procedure followed the guidelines of the Microbix manual and those described by Oka and Chan (14) . Briefly, an expression cassette containing the gene for either rat IGF-I or the red fluorescent protein DsRed, both under the control of the murine cytomegalovirus (mCMV) promoter, was cloned in pC4HSU, a plasmid that consists of the ITRs for Ad 5 virus, the packaging signal and part of the E4 adenoviral region plus a stuffer noncoding DNA of human origin which keeps a suitable size (28-31 Kbp) of the viral DNA so that it is efficiently packaged into the capsids during vector generation but bands at sufficient distance from helper virus H14 in CsCl gradients, thus minimizing the risk of contamination of the newly generated vector. The shuttle vector harboring the expression cassette of interest was transfected in 293 Cre4 cells which were then infected with the helper virus Ad H14 whose packaging signal is flanked by lox P sites recognized by the Cre recombinase expressed by the 293 Cre4 cells. Therefore, the helper virus provides in trans all of the viral products necessary for generation of the desired HD-RAd. Following iterated coinfections with the HD-RAd and H14 virus, a sufficiently high concentration of HD-RAd is generated whereas very low levels of H14 are produced due to the cleavage of the packaging signal of H14 effected by the Cre recombinase. The new adenovectors, termed HD-RAd-IGF-I and HD-RAd-DsRed as appropriate, were purified by ultracentrifugation in a CsCl gradient and titrated for adenoviral particles.
Experimental Design
We used a modified version of the protocol for the Barnes maze paradigm already described in our laboratory (7, 13) . On Experimental Day −10, the animals were habituated as described above. The task was organized into 3 separate sessions at one month interval. Every session lasted 9 days and consisted of four ATs per day, done every 15 minutes. On the last day of each session, 15 minutes after the last AT a PT was conducted to assess spatial memory as preference for the goal hole (hole 0). On Experimental Day −10, 10 rats were allotted to group "DsRed" (injected with placebo Adenovirus) and 12 rats were allotted to group "IGF-I" (injected with an IGF-I Adenovirus) (see below). On Experimental Day 0, rats were ICV injected with the IGF-I or DsRed vector as appropriate and on Day 80, CSF was obtained from the great cerebral cistern by puncture as previously documented (6) . On Experimental Day 80, at age 28 months, animals were euthanized by rapid decapitation and their hippocampi microdissected and stored at −80°C until RNA extraction (see below) ( Figure 1A ).
Stereotaxic injections
DsRed and IGF-I rats were anesthetized with ketamine hydrochloride (40 mg/kg; ip) plus xylazine (8 mg/kg; im) and placed in a stereotaxic apparatus. In order to access the lateral ventricles (LV), the tip of a 26G needle fitted to a 10 µl syringe was placed at the following coordinates relative to the bregma: −0.8 mm anteroposterior, 4.1 mm dorsoventral, and ±1.5 mm mediolateral (15) . The animals were injected bilaterally with 8 μl per side of a suspension containing 1.7 × 10 12 viral particles of the appropriate vector. 
IGF-I assay
RNA Extraction, Library Preparation, and Sequencing
The brains from four rats per group (ie, DsRed and IGF-I groups) were rapidly removed after euthanasia and their right hippocampus dissected for transcriptome analysis. The hippocampus was stored at −80°C until RNA extraction.
Tissues were homogenized in TRIzol Reagent (Life Technologies). The quality of the isolated RNA was assessed by measuring the RIN (RNA Integrity Number) using the Fragment Analyzer. Library preparation for RNA-Seq was performed using the truSeq RNA Sample Preparation Kit (Illumina, Cat. N° RS-122-2002) starting from 500 ng of total RNA. Accurate quantitation of cDNA libraries was performed using the QuantiFluor TM dsDNA System (Promega). The size range of final cDNA libraries was 280-320 bp and was determined applying the DNA Chip for NGS Libraries using the Fragment Analyzer (Advanced Analytical). cDNA libraries were amplified and sequenced by using the cBot and HiSeq2000 from Illumina (SR; 50 bp; ca. 30-35 million reads per sample). Raw data sets have been submitted to NCBI GEO database.
All original transcriptome data were deposited in the NCBI's Gene Expression Omnibus (RNA-seq, GEO number: GSE100021).
RNA-Seq Data Analysis
Illumina HiSeq 2000 fluorescence images were transformed to BCL files with the Illumina BaseCaller software and samples were demultiplexed to FASTQ files with CASAVA (version 1.8.2). Sequencing quality was checked and approved via the FastQC software. Sequences were aligned to the genome reference sequence of Rattus norvegicus (RGSC assembly v5.0) using the STAR alignment software (16) allowing for two mismatches within 50 bases. Subsequently, resulting SAM files were converted to sorted BAM files, filtering of unique hits and counting was conducted with SAM tools (17) and HTSeq (18) .
We used the Bioconductor package edgeR for differential expression analysis of reads counts arising from RNAseq between hippocampal samples from IGF-I and DsRed rats (19) . The list of differentially expressed genes was established from a Log Fold Change > 0.5 and a p adj. value < .05.
Functional enrichment analyses of differentially expressed genes were performed using the databases for annotation, visualization, and integrated discovery (DAVID, http://david.abcc.ncifcrf.gov/), Enrichr (http://amp.pharm.mssm.edu/Enrichr/), and GeneMania resources (http://genemania.org/). Data integration and plots visualization were done with R and the MultiExperiment Viewer software (MeV v4.9) (20).
qRT-PCR
Total RNA was treated with gDNA wipeout and cDNA was synthesized with the Qiagen QuantiTect Reverse transcription kit (#205310). Quantitative polymerase chain reaction (qPCR) was performed with the MESA BLUE qPCR MasterMix Plus for SYBR Assay Low ROX on a Stratagene Mx3000P qPCR system. The primers used are listed in Supplementary was employed for measuring the gene variation between DsRed and IGF-I rats.
Statistics
Behavioral data were analyzed with the GraphPad Prism 6 Software. Latency to escape box and errors made were analyzed by two-way analysis of variance, considering AT and treatment factors. When analysis of variance was significant, comparisons between means and AT1 were performed with the Sidak post hoc test. Unpaired t test was used for IGF-I levels, goal hole exploration in PTs, and quantitative retro-polymerase chain reaction (qRT-PCR). For RNAseq data analysis, as described above, we used the statistical language R and the analysis packages from Bioconductor.
Results
Effects of IGF-I Gene Therapy on Spatial Memory
Latency and errors to escape box The treatment did not induce significant changes in either latency or errors to escape box, two parameters that are a measure of learning ability. During the first series of AT sessions, before treatment, both parameters fell significantly at comparable rates in the two groups (two-way analysis of variance, treatment factor p = .19, AT factor p < .0001, interaction p = .34) (Sidak post-hoc test AT2 onwards vs AT1 p < .0001). During sessions 2 and 3, both latency and errors to escape box remained low in both groups, indicating that the animals remembered the location of the escape hole as well as at the end of session 1 ( Figure 1B , C).
Hole exploration frequency
As expected, hole exploration frequency showed overlapping bell-shaped distributions around hole 0 in the pretreatment PT ( Figure 1D ). Thirty-eight days after vector injection, the distribution of exploration frequency remained comparable in both groups ( Figure 1E ), but at 77 days post-treatment, exploration frequency of the goal hole (hole 0) in the IGF-I group was significantly higher than in the DsRed counterparts (unpaired t test t = 2,644, df = 20, p = .016) ( Figure 1F ). The higher exploration frequency displayed in PT3 by the IGF-I rats at the goal hole suggests that at this time point, the treatment increased the accuracy of spatial memory in the aged animals.
Ventricular Transgene Expression and IGF-I Levels
Two days after ICV DsRed adenovector injection, there was a strong expression of DsRed in the ependymal cells lining the cerebral ventricles (Figure 2A-D) . Eighty days after vector injection (on the day of sacrifice), transgene expression in the ependymal cell layer was still observable ( Figure 2E -G). On Experimental Day 80, CSF levels of IGF-I were significantly higher in the IGF-I group than in the DsRed counterparts (unpaired t test t = 4.967, df = 5, p = .0042) ( Figure 2H ). The results of this section indicate that transgene expression of the adenovector genome in the ependymal cells remains active for at least 80 days after injection.
Hippocampal Genes Whose Expression Is Modified by IGF-I Gene Therapy in old Rats
Analysis of the hippocampal transcriptome of old rats revealed that after long-term IGF-I gene therapy, 219 genes were significantly (p < .05) differentially expressed, 81 down and 138 up (Supplementary Table 2 ). We performed quantitative RT-PCR analysis of four representative transcripts namely, Itga 8, Sypl2, Dusp1, and Nnat. The results were in line with the RNAseq data ( Figure 3D ). From those genes, a list of functionally relevant genes, concerning hippocampal IGF-I expression, synaptic plasticity as well as neuronal function was identified (Table 1) . They were grouped as follows.
Hippocampal genes related to IGF-I expression and transport
Expression of IGF-I and its binding protein IGFBP-6, in the hippocampus was significantly upregulated by ICV IGF-I gene therapy. In contrast, the treatment downregulated the expression of the gene encoding IGF binding protein IGFBP-4. Data analysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database collections revealed that the IGF-I gene is functionally linked to a number of metabolic pathways and to several of the hippocampal genes differentially expressed by the treatment (Figure 3) .
Genes involved in synaptic plasticity and neurogenesis
Three genes related with synaptic processes were upregulated after IGF-I gene therapy. The upregulated genes were Synaptophysin-like protein 2 (Sypl2), Neuronatin (Nnat), and integrin α8 subunit (Itga-8). Sypl2 is an integral component of synaptic vesicle membrane, cellular calcium ion homeostasis, transporter activity, and substantia nigra development (see the Discussion section for further details). Miscelaneous genes downregulated by IGF-I gene therapy in old rats DUSP1 and Nr4a1 encode for DUSPI (phosphatase) and Nr4a1 (transcription factor), two proteins induced when the glucocorticoid receptor is phosphorylated and activated.
Nnat mRNA Is Abundant in Dendrites Particularly in rat Brain Embryos
Taken together, the results of this section show that among the hippocampal genes whose expression was modified by the treatment there is a set of genes functionally relevant to a num ber of hippocampal activities affected by aging.
Discussion
Cognitive aging leads to a progressive decline in memory function. There is a reduced persistence of experimentally induced, long-term potentiation (LTP) of hippocampal synapses, which is correlated with faster behavioral forgetting of spatial information (21) . Spatial memory of aged rats is also impaired as revealed by various tests of spatial learning and memory (13, (22) (23) (24) . Hippocampal neurogenesis is important for certain types of memory and falls significantly in aged rats (13, 25) . The present results confirm our previous findings on the restorative ability of IGF-I gene therapy on spatial memory accuracy (7, 26) .
Gene-Expression Changes in the Hippocampus During Aging
There is clear evidence that a constellation of gene expression changes underlie hippocampal phenotype aging. Thus, gene expression studies in aging rodents have documented significant changes in hippocampal genes related to cholesterol synthesis, inflammation, transcription factors, neurogenesis and synaptic plasticity. In rodents, aging and, to a lesser extent, deficits in memory performance have been associated with changes in hippocampal gene expression (8) (9) (10) (11) (12) . These differences consist mostly of gene upregulation in middle-aged mice (15-month old) as compared with 2-month-old counterparts (12) . In the CA1 hippocampal region of old male rats, 233 genes were found to be differentially expressed with aging, 60% upregulated and 40% downregulated (8) . We have recently found that in the entire hippocampus of female rats, 210 transcripts are differentially expressed in old animals when compared with young counterparts, with 61% being downregulated and 39% upregulated (27) .
Hippocampal Transcriptome Changes Induced by IGF-I Gene Therapy in old Rats
To our knowledge, there are no documented studies on the effects of neuroprotective factor treatment on the hippocampal transcriptome of aging rats. Since we have characterized the restorative effect of IGF-I gene therapy on cognitive performance in aging female rats (7), we were interested in correlating the transcriptome changes induced by long-term IGF-I gene therapy on the hippocampus of aging female rats with hippocampal function improvement. To this end, we performed RNA-seq analysis of the whole female rat hippocampus of old rats ICV injected with a helper dependent-adenovector expressing rat IGF-I comparing the results with placebo vector-treated counterparts.
From the 219 genes significantly differentially expressed by IGF-I gene therapy in the hippocampus of old rats, we could identify a short list of genes relevant to IGF-I expression and transport, synaptic plasticity, and neurogenesis as well as neuronal function.
Genes related to IGF-I
Since our IGF-I adenovector was delivered via ICV, the IGF-I gene upregulation recorded in the hippocampus must reflect the expression of the endogenous rat gene, implying that transgenic IGF-I directly or indirectly stimulated hippocampal IGF-I production. Increased expression of IGF-I in the hippocampus is likely to have played a significant role in the deregulation of a number of hippocampal genes in the experimental old rats (Figure 3) . The IGFBP4 and IGFBP6 binding proteins are members of the insulin-like growth factor binding protein family. They bind and prolong life in blood of both insulin-like growth factors (IGFs) I and II and alter their interaction with cell surface receptors (28, 29) .
The treatment downregulated the expression of IGFBP4 and upregulated the expression of IGFBP6. Consequently, hippocampal tissue levels of free IGF-I and IGF-II are likely to have changed as a result of the altered proportion of these two binding proteins.
Genes involved in synaptic plasticity and neurogenesis
Four genes related with synaptic processes and neurogenesis were upregulated after IGF-I gene therapy, namely Sypl2, Nnat, Itga-8, and DCX.
Sypl2, mouse aliase Mitsugumin 29, is an integral component of synaptic vesicle membrane, it regulates cellular calcium ion homeostasis, transporter activity, and substantia nigra development (30) . Sypl2 is a distinctly inducible gene also in human astrocytes surrounding Aβ-containing senile plaques in vivo. In lesions of Alzheimer´s Disease (AD) brain, increased expression of Sypl2 is detected only in activated astrocytes. But in quiescent astrocytes in non-AD brain and in lesion-free areas of AD brains, the expression of this gene is controlled at a low level (31) . We hypothesize that overexpression of Sypl2 in astrocytes could play a neuroprotective role, preventing the development of senile plaques.
Nnat is a maternal imprinted gene, which encodes a membrane protein in the endoplasmic reticulum (32, 33) . mRNA levels are highest early in brain development and decrease postnatally (34) . However, traces of neuronatin mRNA continue to be present even in the adult brain including the hypothalamus, hippocampus, and pituitary gland (35) (36) (37) . NNAT, shown to be enriched in isolated dendrites, provides a means for rapidly eliciting site-specific changes in protein levels during neuronal development and synaptic plasticity (35, 36, 38) . Importantly, NNAT levels increase during neurogenesis (between E16-19) (35). Oyang and colleagues reported that NNAT is indeed dendritically translated in mature hippocampal neurons during homeostatic plasticity and that it likely regulates dendritic calcium by modulation of intracellular Ca 2+ stores by antagonizing SERCA pump activity (37) . Although high embryonic and early postnatal expression has suggested significant roles for NNAT during neuronal development and neurogenesis, its function in mature neurons has not been examined. Here, we show that IGF-I upregulated NNAT in the senile hippocampus, which suggests that this peptide may be playing a significant modulatory role in neuronal plasticity during aging. Note: The number of arrows for each gene indicates the magnitude of its deregulation in the old rats of the IGF-I group vs the DsRed counterparts.
Α8-integrin (ITGA8) expression in the brain mediates cell-cell interactions and regulates neurite outgrowth of sensory and motor neurons (39, 40) . Accumulating evidence has implicated integrin function in the central nervous system physiology underlying synaptic and behavioral plasticity. Mice deficient in α8-integrin in the forebrain are impaired specifically in the expression of hippocampal LTP (40) . In this context, the upregulation of α8-integrin in the hippocampus of senile rats reported here could contribute to restoring LTP and consequently, improve spatial memory.
Doublecortin is a cytoskeleton-associated protein (41) present in immature neurons. As such, DCX expression in the hippocampal DG indicates quantity of immature neuron count (neurogenesis). In a previous study, we observed that IGF-I gene therapy prompts an increase in DCX (+) neuron number in the DG of senile rats (7) . Thus, the upregulation reported herein is in line with our previous findings. miRNAs role in aging brain and Alzheimer disease pathology Studies on the roles that microRNAs (miRNAs) play in brain aging and AD pathogenesis have only recently been initiated (42) (43) (44) (45) . MiRNAs are endogenous small RNA molecules that control gene expression post-transcriptionally, primarily through binding to complementary target sequences in the 3′ untranslated regions (UTRs) of mRNAs. Age is significantly associated with a decline in miRNA expression levels in the brains of fish (46) , mice (45, 47, 48) , rats (49), chimpanzees (44) , rhesus macaques (42, 44) , and even humans (42, 44) . Moreover, low miRNA levels are likely to contribute to loss of brain functioning and neurodegeneration (50) (51) (52) .
In this context, our finding that IGF-I gene therapy upregulates miR-186 in the hippocampus of 28-month-old female SpragueDawley rats is likely to be relevant for improvement of memory function. miR-186 expression is significantly decreased in mouse cortices at 13 months of age, compared to 2 months of age, and it shows a trend to further decrease at 24 months of age. In the brain, miR-186 is broadly expressed across multiple brain subregions in mice (53) . miR-186 is a potent negative regulator of β-site amyloid precursor protein-cleaving enzyme 1 (BACE1) in neuronal cells and it may be one of the molecular links between brain aging and the increased risk for AD during aging (53) . Importantly, miR-186 overexpression significantly decreases Aβ level by suppressing BACE1 expression in cells expressing human pathogenic mutant amyloid precursor protein (53) . In this context, our finding that IGF-I upregulates miR-186 levels in the hippocampus of senile rats suggests a neuroprotective role.
Concluding Remarks
The present study shows for the first time, to the best of our knowledge, that IGF-I gene therapy in the brain of aging rats induces significant changes in the expression of a large number of hippocampal genes (219). Although we cannot determine the functional relevance of all of them in hippocampal function, we could identify a limited number of upregulated genes that play a significant role in synaptic plasticity and neurogenesis. Interestingly, IGF-I upregulates the expression of miRNA 186, a micro RNA whose production declines with age and which exerts a neuroprotective action by inhibiting the activity of BACE1 protease. Furthermore, the IGF-I gene and one of its binding proteins were also upregulated. Our results provide an initial glimpse at the molecular mechanisms underlying the neuroprotective actions of IGF-I in the aging brain. 
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